A sea urchin his tone gene fragment containing inverted regions of the normal repeat has been cloned in pBR322. Restriction enzyme mapping and homoduplex analysis of this fragment indicate that the H1-H4 spacer of one repeat is situated alongside the inverted H2A-H1 spacer of another repeat. The site of the breakpoint has been sequenced and compared with homologous stretches of the normal repeat. The breakpoints in the original duplexes were found to be within 4-6 bp of the H4 mRNA cap site and 8-10 bp of the HI mRNA cap site in the standard repeat. The breakpoints in both original duplexes contain short direct repeats and an overlap of 3 bases. As this is the first breakpoint resulting in the apposition of inverted sequence to be analyzed at the level of DHA sequence, we speculate whether structural features described here are typical of such rearrangements. The structure observed is consistent with, but does not prove, that the sequence is the endpoint of a true inversion since only one junction has been isolated and characterized.
INTRODUCTION
Gene rearrangements in eukaryotic genomes have been known to occur ever since the initial recognition of chromosomal inversions and trans locations.
Early analysis of chromosomal rearrangements showed that these events involve non-homologous (illegitimate) recombination, at least when observed at the chromosomal level (1) . It is of interest to find out whether naturally occurring inversions, translocations, and deletions generally involve localized sequence homology, contain transposon-like elements, or have some other common feature. No information is available at this time about base sequence at the junctions of naturally occurring inversions. We have found a sea urchin histone gene fragment which contains an oppositely oriented sequence and report here the structure and sequence of the inversion site.
The genes coding for the early embryonic histones of the sea urchin, Stronn.ylocenr.roi.uB purpuratus. are contained in a 6-7 kb structure which is tandemly repeated several hundred times per genome (2) (3) (4) . Within any one individual sea urchin of this species, there are a limited number 
MATERIALS AND METHODS
Preparation.,restriction enzyme, digestion, and electrophoresis of sea urchin DNA DNA from the sperm of a single sea urchin individual, which we denoted as 7N, (obtained from Peninsula Marine Biologicals, Sand City, CA) was prepared by slight modifications of the methods of Stafford and Bieber (11) and Joseph and Stafford (12) . Restriction enzymes, purchased from New England Biolab* or Bethesda Research Laboratories, were used as recommended by the supplier. For sequential enzyme digestions, DNA fragments, electrophoresed on lov melting agarose (BELL), were eluted and digested with a second restriction enzyme. Agarose gel electrophoresis, filter blotting, and hybridization were done essentially as previously described (5).
Cloning, of restriction, enzyme fragments, and preparation of hybridization probes DNA from the sea urchin, 7N, was digested with Bam HI and ligated to Bam HI -digested pBR322. Cloning with pBR322 in an £. coli HB101 host followed standard procedures (13) and histone DNA-containing colonies were identified by hybridization to filter blots (14) with a full length nick-translated (15) S. purpuratus histone repeat fragment (prepared from a lambda phage recombinant, X Sp his-1, available in our laboratory). Preparations of small quantities of DNA from the positive clones were made by the method of Birnboim and Doly (16) . In addition to the full-length histone repeat hybridization probes prepared from the lambda phage recombinant or from pC02A (the 6.3kb Hind III full length repeat fragment from pCO2 (5) recloned into pBR322), several aubcloned DNAs, diagrammed in Figure 1 , were used. The HA and HI subclones were respectively, pHR15 and pHR17, the 1.0 kb Hha I and 1.7 kb Hha I + Eco RI fragments of pCO2 cloned into the Pat I site of pBR322 by G-C tailing. These subclones contain the genes themselves and flanking 5 1 
RESULTS
Initial characterization-of cloned DNA of. individual 7N The two major histone repeat types in the individual sea urchin, 7N, are approximately 6.2 and 6.5 kb. As seen in Figure 2 , although these are the sires of the major fragments when the repeats are cut once with Hind III, many other histone DNA sequences can be detected in the genome. Bam HI cuts the major repeats into two fragments: the smaller 1.2 kb fragment contains the H2B gene; the larger fragment, containing the other four histone genes, is either 5.0 or 5.3 kb depending on the major repeat type. The difference in size of the two major repeats is mainly found within the H4-H2B spacer region. Although the smaller repeat is more typical of the species, the larger repeat is a fairly common polymorphism in the sea urchin population (5, 6, 19) . In the course of isolating the two large Bam HI fragments, several pieces of unexpected size were cloned in pBR322. They correspond in size to some of the faint bands seen in the genotnic blot of Figure 2B , but most have not been characterized. One of these cloned DNA segments, 7N32L, however, was quite unusual and will be described here.
The initial restriction analysis of the 7N32L DNA and the more common major repeat fragments is presented in Figure 3 . The Bam HI products, hybridized with a complete histone gene repeat, are shown in Figure 3A . Clone 7N44 contains a 5.3 kb Bam HI fragment and clone 7N65 contains a 5.0 kb fragment, the sizes expected from the major repeat classes (Figure 2A) . However, the histone DNA product of Bam HI digestion of 7N32L was a larger 5.8 kb in size. Figure 3B presents the restriction analysis of Bam HI + Hind III and Bam HI + Hha I digestions. Clones 7N44 and 7N16 gave the fragments expected for a 6.5 kb major repeat and clones 7N65 and 7N24 yielded fragments expected for a 6.2 kb major repeat. The fragment sizes agree with the restriction map of pCO2 (5) as presented in Figure 1 , except that one repeat type contains the extra 200 nucleotides in the H4-H2B spacer region. (When comparing the Bam HI + Hha I digests of the two major repeat types, the position of the extra 200 nucleotides mutt be considered. The 0.73 kb fragment of the large repeat type is analogous to the 0.52 fragment of the smaller repeat type. This fragment is not seen since it comigrates with the 0.50 kb H3-cont«ining fragment present in all clones.) The digestions of clone 7N32L, however, yielded somewhat different patterns. In the Bam HI + Hind III digest, a 2.9 kb fragment (rather than the usual 3.6 or 3.9 kb) was seen in addition to the expected identical fragments from the cloned DKA. The first indication of the actual map was provided by comparing the Hha I digest of 7N32L with the Hha I + Bam HI digest. In the latter case, a 0.50 kb fragment hybridized to the H3 subclone; in the former case, two bands were seen at 0.57 kb and 0.7 4 kb. The asymmetry of Hha I sites around the Bam HI site of pBR322 allowed the discrimination of the two end fragments of the insert, both of which contained the H3 gene. Fragments from a Bam HI + Xho I digest and a Bam HI + Hind III digest of 7N32L were obtained from low-melting agarose gels, cut with the enzymes shown in Figure 4 , resolved by electrophoresis, and then hybridized with the various subclones. The unambiguous map shown in Figure 4 was obtained. The very faint hybridization of the H4 subclone to 7N32L DNA mentioned above was apparently due to the small portion of the H4-HI spacer contained within the H4 subclone used (see Figure 1) . From the observation that the restriction enzyme sites of 7N32L correspond exactly to two regions of the map of the standard repeat, pC02, we tentatively concluded that the clone contained an oppositely oriented histone repeat sequence. The H1-H4 spacer of one repeat was now apposed to a region of the H2A-H1 spacer of Another feature of the crossover site is that it contains direct repeats in both original sequences. As seen in Figure 6 , the C^ at Figure  6 .
strands of similar polarity when aligned in the opposite direction (sense strand with anti-sense strand, both aligned 5 1 -*-3'). In the histone gene case discussed here, we analyzed the homo logy between the sense strand of the H4 region (strand A) with the anti-sense strand of the HI region (strand D'). In Figure 8 , The sequences of these two strands are matched, with the homologous sequence underlined. The first point to be made is that there are no long stretches of homology which would be indicative of legitimate recombination. The overlap in sequences is only 3 bases and the most that can be matched is a 6 base sequence (A) GGCATC to the 5 base sequence (D 1 ) GGC-TC (#7 in Figure 8 Short misalignments and lack of pairing such as found in sequences #4 and tl are probably not due to polymorphisms since the sequences in 7N32L are the same in this region as in 7N44. There is polymorphic variation, however, between sequences from different sea urchins as shown in Figure  6 . The differences in sequence between 7H44 and pSp2 in the two regions we compared are shown by the extra bases just above strand £ and below strand _d in the figure. The 11 changes seen in the 33 9 bases compared are typical of the level of polymorphism between spacers in repeats from different individuals (19). We do not think that the A at position 3 of the H4 sense strand of 7N44 is a polymorphic variation found only in 7N44 since it is also found in pSp2. The overlap of sequences is therefore truly only 3 bases and not a 5 bp sequence which would result from the absence of A in the H4 region of the parental duplex.
The two original sequences at the sites of interchange, therefore, share very similar features: they contain a small overlap region which can be drawn as GGC or GGC-TC, they contain additional small regions of homology, both sites involve small direct repeats, and the event occurs in the region situated between the TATA box and cap site in each region.
DISCDSSION Direct repeals and homologies in the rearrangement
The nature of sequences involved in rearrangements such as inversions and translocations is still very much unknown. The original duplexes might recombine completely at random, or there might be some particular feature common to these events. Although studies of inversions at the level of chromosome pairing reveal little direct homology in the interacting chromatids, regions of homology on the order of thousands of kb would not have been evident. Inversions might be site specific in that they involve small regions of homology or they might be related to some other feature such as proximity to a transposon or to some functional state of Che chromatin. Except for events mediated by transposons, there is no information on the DNA sequences involved at the breakpoints of inversions. The results described above for the 7N32L sequence indicate several interesting features at the site of apposition. These important to note that the inverted sequence might not be the result of a true recombination event but rather of a conversion event.
Finally, we would point out that events similar to those involved in forming the 7H32L structure must have also occurred during the evolution of the histone gene set in some organisms. Although the five histone genes are found oriented in the same direction in the sea urchin repeat, they are oriented in opposite orientations in repeats of Drosophila and some other species (33) . In DrosophjLa (34), the H3 and H4 genes and also the H2A and H2B genes are oppositely oriented with closely spaced promoters. An event similar to that which resulted in 7N32L may have occurred; the inverted repeat might have been amplified by unequal crossing over events to yield a newly oriented repeat structure.
Whether the structure we have found is merely a curiosity or is typical of the site of other rearrangements will be determined when breakpoints of other natural inversions have been analyzed. It is suggested from this analysis that promoter regions are particularly susceptible to rearrangements and that the exact site of crossover may be determined by small stretches of localized homo logy and the presence of short direct repeats.
